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ABSTRACT

Amphiphilic polymers derived from quaternized 2-(N, N-dimethylamino)ethyl methacrylate (DMAEMA) were synthesized
via radical polymerization to achieve a balance between hydrophilic and hydrophobic segments for antibacterial
applications. Quaternization with bromoalkane compounds introduced alkyl side chains, thereby enhancing amphiphilicity
and enabling tunable physicochemical properties. The polymers obtained exhibited molecular weights ranging from
1600 to 50600 Da, providing a wide distribution suitable for correlating chain length with performance characteristics.
Thermogravimetric analysis confirmed that all samples maintained stability up to 400 °C, indicating robust thermal
resistance. Enzymatic degradation studies demonstrated time-dependent surface erosion, with pore formation observed
on polymer surfaces beginning at day 5, accompanied by progressive weight reduction. Structural and morphological
analyses were performed using Fourier-transform infrared spectroscopy (FTIR), which verified successful functional
group modification; meanwhile, scanning electron microscopy (SEM) showed distinct topographical changes associated
with amphiphilic behavior and biodegradability of the polymer. Collectively, the findings highlight the successful design
of amphiphilic DMAEMA-based polymers with promising thermal stability, controlled degradability, and structural
versatility, underscoring their potential utility in antibacterial material development.
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ABSTRAK

Polimer amfifilik yang diperoleh daripada kuaternisasi 2-(N, N-dimethylamino)etil metakrilat (DMAEMA) telah
disintesis melalui pempolimeran radikal yang bertujuan untuk mencapai keseimbangan antara segmen hidrofilik dan
hidrofobik sebagai aplikasi antibakteria. Kuaternisasi dengan sebatian bromoalkana dengan penambahan rantai sisi
alkil dapat meningkatkan polimer amfifilik dan membolehkan sifat fizikokimia yang boleh dilaras. Polimer yang diperoleh
menunjukkan berat molekul antara 1600 hingga 50600 Da, memberikan taburan luas yang sesuai untuk mengaitkan
panjang rantai dengan ciri prestasi. Analisis termogravimetri mengesahkan bahawa semua sampel mengekalkan
kestabilan sehingga suhu 400 °C, menunjukkan rintangan haba yang baik. Kajian degradasi berenzim menunjukkan
hakisan permukaan polimer, dengan pembentukan liang diperhatikan pada permukaan polimer bermula pada hari ke-5,
disertai dengan pengurangan jisim polimer yang progresif. Analisis struktur dan morfologi telah dilakukan menggunakan
spektroskopi inframerah transformasi Fourier (FTIR) yang mengesahkan pengubahsuaian kumpulan berfungsi telah berjaya
manakala mikroskop elektron pengimbasan (SEM) menunjukkan perubahan topografi berbeza yang dikaitkan dengan
sifat amfifilik dan kebolehuraian polimer. Secara keseluruhan, kajian ini berjaya mereka bentuk polimer berasaskan
DMAEMA dengan sifat amfifilik dengan kestabilan haba yang baik, penguraian terkawal dan kepelbagaian struktur,
menggariskan potensi utilitinya dalam pembangunan bahan antibakteria.

Kata kunci: Kebolehuraian; polimer amfifilik; tingkah laku haba
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INTRODUCTION

The processes of nature, chemistry, and biology all have
an impact on the degradation of amphiphilic polymers, as
do circumstances outside, including temperature, sunlight,
pH, and the level of humidity (Gaytan, Burelo & Loza-
Tavera 2021). Added to that, polymer-specific features
such as molecular weight, stereochemistry, crystallinity, and
hydrophobic and hydrophilic interactions are breakdown
factors (Kupczak, Mielanczyk & Neugebauer 2021a).
Poly(2-(dimethylamino)ethyl methacrylate) (DMAEMA)
is a multifunctional polymer that has attracted significant
attention for applications in antimicrobial, drug delivery
carriers, and biofunctional membranes due to its tunable
cationic charge density, pH-responsive and amphiphilic
nature (Mushtaq et al. 2021; Stawski 2023). Quaternization
of poly DMAEMA with alkyl halides, particularly
bromoalkanes, produces a quaternized polymer with a
permanent cationic charge (Manouras et al. 2021). The
length of the alkyl chain introduced during quaternization
not only modulates the hydrophilic-hydrophobic
balance of the polymer but also alters its degradation
behavior under thermal and enzymatic conditions (Li et al.
2018).

Multiple factors, including polymer backbone
chemistry, accessibility of hydrolyzable groups,
crystallinity, and surface hydrophilicity, govern enzymatic
degradation (Aina Agqila, Siti Salwa & Farah Hannan
2022). Enzymes such as lipases and esterases recognize
ester linkages in methacrylate-based polymers, catalyzing
their cleavage under mild physiological conditions.
Surface wettability significantly affects enzyme—polymer
interactions: hydrophilic surfaces promote water uptake
and enzyme adsorption, while amphiphilic structures can
enhance interfacial recognition by lipases, which naturally
act at hydrophobic—hydrophilic boundaries (Rahman et
al. 2021). In terms of molecular weight, high-molecular-
weight polymers resist enzymatic cleavage due to steric
hindrance and entanglement, whereas oligomeric or lower-
molecular-weight chains undergo more rapid degradation
(Im et al. 2023).

In addition, thermal degradation of polymers is
primarily dictated by the stability of chemical bonds and
the supramolecular organization (crystalline vs amorphous
packing, entanglement, hydrogen bonding) of the material.
The bond dissociation energy of the polymer backbone
and side groups determines the onset of degradation.
For instance, polymers containing an ester group often
undergo random chain scission, side-group elimination,
or depolymerization pathways under heat (Aina Aqila et
al. 2023). Molecular weight also plays a significant role
in determining which low-molecular-weight polymers
degrade at lower temperatures due to reduced chain
entanglement and weaker van der Waals forces between
shorter chains. Meanwhile, high-molecular-weight
polymers require more energy to overcome intermolecular
forces and initiate scission (Kong et al. 2021). In case of

amphiphilicity, increased hydrophobicity from long alkyl
substituents can raise the onset temperature of thermal
degradation due to stronger van der Waals interactions, while
more hydrophilic parts are prone to earlier decomposition
at lower temperature, as it promotes the bond cleavage
and destabilizes the polymer structure (Koufakis et al.
2020).

The widespread application of antimicrobial peptides
(AMPs) in biomedical and industrial fields is limited by
their inherent drawbacks, including high production cost,
susceptibility to enzymatic degradation, and potential
cytotoxicity (Ali et al. 2025). As a result, there is a
growing need for synthetic alternatives that can mimic
the antimicrobial activity of AMPs while offering greater
stability and cost-effectiveness. Quaternized polymers
based on DMAEMA have emerged as promising synthetic
mimics of AMPs due to their tunable cationic charge
density and amphiphilic balance (Santoro & Izzo 2024).
Quaternization using bromoalkanes is particularly
advantageous, as the alkylation process not only introduces
permanent positive charges that enhance antimicrobial
activity but also allows systematic variation of alkyl chain
length, thereby modulating amphiphilicity, hydrophobic
interactions, and degradation behavior (Koutsougera et
al. 2025). This strategy provides a controllable pathway
to design stable, cost-effective, and efficient antimicrobial
materials that can potentially replace natural AMPs.

Therefore, the objective of this study was to elucidate
the relationship between the chain length of bromoalkane
quaternization and the amphiphilic structure on the
degradation behavior of quaternized DMAEMA-based
polymers under thermal and enzymatic conditions,
aiming to achieve a balance between hydrophilic and
hydrophobic segments for antibacterial applications. The
performance of amphiphilic polymers, specifically poly
DMAEMA-OB (l-bromooctane) and poly DMAEMA-
HdB (1-bromohexadecane) were compared and discussed
in terms of molecular weight, phase morphology, thermal
behavior and biodegradability.

MATERIALS AND METHODS

2-(N,N-dimethylamino)ethyl methacrylate (DMAEMA)
was purified by passing it through a short column
of neutral alumina to remove the inhibitors; it was
purchased from Acros Organics, 1-bromooctane (OB)
and 1-bromohexadecane (HdB) were purchased from
Acros Organics. Potassium persulfate (KPS), acetone and
chloroform were supplied by Sigma-Aldrich.

SYNTHESIS OF AMPHIPHILIC POLYMER

DMAEMA and a bromoalkane liquid were reacted in
ethanol at 60 °C for 24 h to develop the monomer. Each of
the monomers (1-bromooctane and 1-bromohexadecane)
was subsequently transferred to a 250 mL round-bottom
flask with a freshly cleaned and dried closure apparatus



containing a magnetic stirring bar. After approximately ten
minutes of vacuuming, the vessel retaining the monomer
was purged with nitrogen to eliminate any residual oxygen.
Nitrogen gas was introduced into a 0.25 M potassium
persulfate (KPS) solution in a separate flask and left
for ten minutes. While ensuring there was no vacuum
leaking, the KPS solution was carefully transferred into
the flask holding the monomer. After that, the mixture was
then heated for four hours at 70 °C while submerged in
silicone oil.

To cease the reaction, the resultant white liquid is
subsequently poured into an enormous amount of acetone.
The creation of a white precipitate induces agglomeration.
Post filtration, the resultant long-chain polymer was
twice cleaned using a 1:1 acetone:water mixture (Lu, Wu
& Fu 2007). When it comes to the short-chain polymer,
the resulting substance was immersed in chloroform,
allowed to clump together, and then filtered through water.
After that, the sticky and wet components were left in a
vacuum oven for 48 h. The material collected was a brittle,
dry solid. Figure 1 shows the reaction involved in the
synthesis of both monomer and polymer.

MOLECULAR WEIGHT DETERMINATION

The intrinsic viscosity [g] method was used to determine
the molecular weight of the resulting polymer. The
temperature of the water immersion was kept at room
temperature and monitored throughout the experiment to
ensure uniformity. Each polymer was dissolved in ethanol
at various concentrations of 2, 5, 10, 15, and 20 mg/mL.
The polymer solutions in ethanol were filtered using a
0.45 pm pore-size PTFE syringe filter.

The Ostwald viscometer was then filled with the
solution, and the duration of each solution flow was
recorded. The Mark-Houwink-Sakurada equation, such as
Equation (1), is used to compute the intrinsic viscosity [p].
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Source: Rauschkolb et al. 2022
where K and M are empirical constants that are directly
proportional to the solvent and the temperature used.

POLYMER ENZYMATIC BIODEGRADATION

Lipase was dissolved in phosphate-buffered saline (PBS)
to make a buffer-enzymatic solution with a concentration
of 1 mg/mL. Biodegradation tests were carried out in a
shaker incubator at 37 °C and 150 rpm. Following that,
the necessary amount of amphiphilic polymer and enzyme
was added to the PBS solution, which was then incubated
for several days.

This mixture of reactions was centrifuged for
20 min at 90 °C to denature the enzyme after the
procedure. Following the rinsing and drying in pure
water, the material was weighed and examined using
Fourier-transform infrared (FTIR) and Scanning Electron
Microscopy (SEM).

FOURIER-TRANSFORM INFRARED (FTIR) SPECTROSCOPY

The functional groups in the degraded samples were
identified using Fourier-transform infrared (FTIR)
spectroscopy, with absorbencies that range from 650
to 4000 cm! at room temperature. Pieces of the samples
were placed on the sample holder and the obtained data
were interpreted to determine the functional groups in
the sample.

SCANNING ELECTRON MICROSCOPY (SEM)

The morphology of the degraded samples on their pore
surfaces (after enzymatic hydrolysis) was evaluated using
the ZEISS scanning electron microscope (SEM) LEO
1450VP model. To safeguard against electrical discharge,
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FIGURE 1. Reaction scheme of the synthesis of quaternized monomer and amphiphilic polymer
from DMAEMA
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the samples were gold-sputtered before viewing. The
specimens with coatings were mounted to the sample
holders using carbon conductive tape that was secured to
the axial steering table of the SEM apparatus. Samples
were captured with a 10 kV acceleration voltage.

THERMOGRAVIMETRIC ANALYSIS (TGA)

A NETZSCH STA 449 F3 Jupiter Simultaneous
Thermal Analysis (STA) was used to characterize the
thermogravimetric analysis and identify the initial and
maximum decomposition temperature of the generated
polymers. The study used temperatures ranging from 25
to 600 °C and a heating rate of 5 °C/min. A sample
containing 15 mg of the synthesized polymers was heated
in the sample pan using an environment of nitrogen gas
flowing at a rate of 50 mL/min.

RESULTS AND DISCUSSIONS

Amphiphilic polymers, specifically poly DMAEMA-OB
and poly DMAEMA-HdB were successfully synthesized
via free-radical polymerization. Despite being a white solid,
the short-chain amphiphilic polymer (poly DMAEMA-OB)
melted readily at ambient temperature. The long-chain
amphiphilic polymer (poly DMAEMA-HdB) produced
a whitish and brittle solid. The percentage yield of these
polymers are 77.7% for poly DMAEMA-OB and 63.8%
for poly DMAEMA-HdB. Compared with pure DMAEMA,
the polymers with long hydrophobic chains exhibited
greater amphiphilicity.

MOLECULAR WEIGHT

The rapid and simple intrinsic viscosity method (Danielsen
et al. 2021) was used to find the molecular weight of the
amphiphilic polymers. As observed in diluted polymer

solutions, the linear relationship between the molecular
weight and the intrinsic viscosity can be used to calculate
the average molecular weight of the polymers (Rauschkolb
et al. 2022). The molecular weight of each polymer was
calculated using the Mark-Houwink-Sakurada calculation
via intrinsic viscosity determination. It was shown that
the molecular weight of the polymers varies with reaction
time. The results obtained are summarised in Figure 2.

The molecular weights obtained for all polymers
ranged from 1600 Da (poly DMAEMA-HdB) to 50600
Da (poly DMAEMA-OB). These results demonstrate
that longer alkyl chain moieties inhibit the formation
of polymers with a higher degree of polymerization.
The steric hindrance of the macromolecule (Ren, Yu &
Zhu 2021) may affect the kinetics of the polymerization
reaction (Zografos et al. 2021). In addition, one of the
factors causing the significant variation in the molecular
weight of these polymers is that the monomer contains a
vinyl group, i.e., a highly active electron-pulling group
away from the quaternary ammonium positive charge
(Fu et al. 2022). In addition, the vinyl group encountered a
substantially greater steric hindrance due to the size of the
molecule (Bednarz et al. 2014), causing the polymerization
reaction to be interrupted.

ENZYMATIC BIODEGRADATION

One well-established method for comprehending the
process of decomposition activity is enzyme-based
degradation. According to their chemical structures, the
lipase enzyme was chosen since each of the amphiphilic
polymers produced had an ester group from the DMAEMA
backbone. It was discovered that lipase enzymes had
favorable ester fission activity characteristics at the
hydrophilic-hydrophobic interface (Bixenmann, Stickdorn
& Nuhn 2020). The lipase enzyme has the plus point of
being water-soluble, yet it is capable of interacting with
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FIGURE 2. Molecular weight of amphiphilic polymers



insoluble substrates to produce an enzyme-substrate
complex (E-S) (Albayati et al. 2020; Rodriguez-Contreras,
Calafell-Monfort & Marqués-Calvo 2012). This could
help degrade water-insoluble poly DMAEMA-HAB.

In this test, a solution of PBS with a pH of 7.4 works
well since a solution with an acidic pH will trigger
the NHs" cation group, which will cause them to repel
one another (Cazotti et al. 2020; Luo et al. 2021). Its
enhanced hydrophilic features will make it more
vulnerable to hydrolytic breakdown (Kupczak, Mielanczyk
& Neugebauer 2021a). Two samples were analyzed
in this test, namely poly DMAEMA-OB-5h and poly
DMAEMA-HdB-5h. Both samples possess the highest
molecular weight, at 3900 Da (poly DMAEMA-OB-5h)
and 50600 Da (poly DMAEMA-HdB-5h).

As indicated in Figure 3, each sample demonstrated
an increase in percentage weight loss in accordance with
an increase in the degradation time period for 21 days. As
reported in previous findings by several research groups
(Bixenmann, Stickdorn & Nuhn 2020; Casanova et al.
2023; Cook-Chennault et al. 2024; Leggieri et al. 2023),
these studies concluded that DMAEMA structures with
ester groups are resistant to degradation, which is why
the enzymatic hydrolysis reaction takes more than ten
days (Cook-Chennault et al. 2024). A negative control
test (without lipase enzyme) was utilized as a reference.
Both negative control tests resulted in a lower weight
loss as compared to the samples with the presence of
enzymes. About 50.6% (poly DMAEMA-OB) and 27.7%
(poly DMAEMA-HAB) weight reduction was observed in
both samples for the negative control set after 21 days.
In contrast, the weight of poly DMAEMA-OB and poly
DMAEMA-HAB showed higher reduction by 75.5% and
44.2% respectively, due to the presence of enzymes.

The poly DMAEMA-OB degraded more quickly
than the poly DMAEMA-HdB (C16) due to its shorter
hydrocarbon chain of eight carbon chains. Compared
to the longer chains, shorter hydrocarbon chains show
lessened van der Waals force. As a result, polymers with
shorter hydrocarbon chains degrade more rapidly than
those with longer chains, since a shorter chain corresponds
to a higher hydrophilic content, which accelerates
breakdown (Slor et al. 2021).

In the DMAEMA backbone of this amphiphilic
polymer structure, lipase enzymes are utilized to break
bonds on the ester groups (Bixenmann, Stickdorn & Nuhn
2020; Kupczak, Mielanczyk & Neugebauer 2021a). As
anticipated, samples bearing lipase enzymes on the ester
linkages in these two amphiphilic polymers showed
faster rates of breakdown than the negative control setup
(Acik 2020). The splitting of these polymers is expected to
release hydroxy acids, which elevate the number of amine
groups in the DMAEMA main chain, further creating
electrostatic repulsion and boosting interactions with water
molecules (Kupczak, Mielanczyk & Neugebauer 2021a).
This condition reduces the weight of the polymer sample.
These findings highlight that hydrocarbon chain length
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plays a pivotal role in dictating polymer degradability,
as variations in chain length modulate the amphiphilic
nature of the structure, thereby governing its susceptibility
to enzymatic degradation pathways.

The next analysis is the determination of functional
groups to ensure that the degradation process actually
occurs. The lipase enzyme will break the chain of the ester
group in the DMAEMA main chain, producing carboxylic
acid and alcohol (Chandra et al. 2020). However, only
the poly/DMAEMA-HdB sample can be analyzed by
the ATR FTIR tool because it is still in solid form after
drying. Meanwhile, poly/DMAEMA-OB samples easily
melt at room temperature, even after being removed
from the dryer cabinet. Analysis has been carried out for
poly/DMAEMA-OB samples, but no results can be obtained.
The ATR FTIR device concept only reflects infrared (IR)
light from materials with a high refractive index (Liu &
Kazarian 2022).

Figure 4 shows the FTIR spectral results for poly/
DMAEMA-HAB samples before degradation and after
degradation on days 5, 13, 18, and 21. It should be
noted that the FTIR analysis in this study is used as a
qualitative tool to identify functional group changes
during degradation; no quantitative peak deconvolution
or intensity ratio analysis was performed. In the results,
no new absorption peaks were observed. This is because
the degradation results are expected to produce carboxylic
acid and alcohol compounds, which have functional groups
-OH, C=0, and C-O-H, which are the same functional
groups as the original amphiphilic polymers. As a result,
degradation appears as changes in peak intensity, position,
and band shape. Since no significant differences or relative
decreases were found in the degradation curve with respect
to the non-degradation curve, it is hypothesized that the
degradation does not occur as a whole in the amorphous
and crystalline regions (Rosato et al. 2022).

Wide absorption peaks indicate -OH strain can be
observed in the range of 3393 - 3395 cm Next, the
spectrum of the carbonyl group stretch -C=0 is observed
in the range of 1721 - 1723 cm™ with sharp peaks. While
the -C—0 stretch was in the range of 1234 cm™!, with slight
displacement compared to the sample before degradation,
which was at 1266 cm. The backbone of DMAEMA
partial ester bond cleavage is compatible with these
slight spectrum shifts, but there was no indication of C—N
bond breakage. Significantly, the increasing physical
degradation observed in SEM analysis, observed as
polymer chain scission, reduced structural integrity, and
surface erosion, corresponds with these FTIR-detected
chemical changes.

All spectra show a sharp peak at 2852 - 2926 cm™
displaying the C-H stretch vibrations of the methyl -CH,_
group. However, the changing shape of the peak can be
observed on the 18" and 21 days. The decrease in the
C—H stretching bands (=2850-2950 ¢m” with increasing
incubation time suggests changes in the aliphatic
components of the polymer during enzymatic exposure.
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FIGURE 4. FTIR spectrum for enzymatic hydrolysis test of samples (a)
poly DMAEMA-HAB before decomposition, (b) poly DMAEMA-HdB
after 5 days of decomposition, (c) poly DMAEMA-HAB after 13 days of
decomposition, (d) poly DMAEMA-HAB after 18 days of decomposition,

and (e) poly DMAEMA-HAdB after 21 days of decomposition. The red box
highlighted the degradation of the peroxide band at 1043 cm’!
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FIGURE 5. SEM micrograph of (a) poly DMAEMA-HdB sample before decomposition, and (b) poly
DMAEMA-HdB sample in enzyme-free PBS solution (negative control) and poly DMAEMA-HdB
sample in PBS solution with the presence of lipase enzyme for (¢) day 3; (d) day 5; (e) day 7,

(f) day 9; (g) day 11; (h) day 13; (i) day 15; (j) day 18, and (k) day 21

While enzymes do not directly cleave C—-H bonds,
polymer chain scission and structural modification
during degradation can result in a reduced contribution
from CH-containing segments, leading to lower FTIR
peak intensities. This trend reflects the time-dependent
progression of enzymatic degradation. A recent study by
Kang et al. (2026) explained that this happened due to the
reduced surface of hydrophobicity upon immobilization,
and it reflected how lipase catalyzes ester bond hydrolysis

on the hydrophobic surface of the polymer. The band
at 1635 - 1649 cm™ shows the C=C peak range on the
DMAEMA main chain in this polymer.

Significant C — N stretching with sharp peaks
was still visible on all polymer samples until the 21%
day of degradation. The range of these bands is at
1461 - 1463 cm™! and 1149 cm'. This proves that there is
no C — N bonding done by the lipase enzyme. Notably, the
absorption band at 1043 cm™, attributed to peroxide-related
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bonds (Chen et al. 2007), was present in the non-degraded
sample but absent in all degraded samples. Unlike minor
peak shifts, the disappearance of this band provides clear
qualitative evidence of chemical modification during
enzymatic degradation. Confirmation of this degradation
can be observed in the subsequent analysis, which is
the observation of the morphology of the polymer surface
using SEM.

SEM analysis was carried out to see the pore formation,
damage and defects that occurred on the surface of the
sample after undergoing a degradation test. This analysis
was also carried out only on poly DMAEMA-HdB samples,
as highly hygroscopic poly DMAEMA-OB samples were
a limitation in this analysis. Figure 5 shows the SEM
micrographs over the poly DMAEMA-HdB sample before
decomposition (200x and 1000x magnifications); negative
control flasks, i.e., poly DMAEMA-HdB samples in PBS
solution for 5 days without the presence of enzymes
(200x and 1000x magnification) and poly DMAEMA-
HdB samples in PBS solution for 21 days (500% and
1000% magnifications) in the presence of lipase enzymes.

Based on morphological analysis, there were
significant changes between the samples before and after
degradation. The surface of the sample before degradation
appears smooth and clean, with a solid-looking polymer
wall structure. The sample also has no visible pores on
its surface. The morphology of the sample in the negative
control shows a slightly rough surface with little pore
formation (red circles). Polymer wall structures also
look quite dense with minimal damage. This supports
the results of the percentage weight loss of the sample,
where the negative control also shows that the degradation
process occurs even in the absence of enzymes. The poly
DMAEMA-HAB originally had hydrophilic characteristics,
so in this case, it easily attracts the -OH group (Kalita et
al. 2020) in the PBS solution. As a result, the hydrolysis
process occurs, and this leads to the formation of pores
and damage to the polymer surface.

Meanwhile, for samples subjected to enzymatic
degradation tests, pore formation, holes, cracks, erosion
marks and roughness on the polymer surface (Chaudhary
& Vijayakumar 2020) were very noticeable, indicating
an attack on the polymer. The longer the test day, the
worse the damage became. These SEM analysis findings
correlate with FTIR results showing that the polymer
matrix gradually weakened as a result of ester bond
breaking and functional group modification. Severe
chain scission and localized collapse of polymer domains
are further indicated by large surface cracks and enlarged
pore structures seen after prolonged enzymatic exposure
(18-21 days). Pore formation on polymer surfaces during
enzymatic hydrolysis was also reported by Wei’s (Wei et
al. 2022) which correlates with heterogeneous hydrolysis
rates across polymer surfaces, i.e., amorphous-crystalline
structure of polymers, wide molecular weight distribution,
and the presence of defects (gas bubbles)/fillers/additives
in the sample.

On days three through seven, the wall structure
appears rather compact; however, from days nine through
twenty-one, it seems to be getting more damaged and
deteriorated. These results are consistent with the
observed trend of increasing weight loss percentage as
the degradation time extends (Kupczak, Mielanczyk &
Neugebauer 2021a). In another report led by Kupczak,
Mielanczyk and Neugebauer (2021b), they mentioned
that the presence of an ester bond in the poly DMAEMA
main chain resulted in an increase in degradation rate via
enzymatic degradation.

THERMAL DEGRADATION TEST

Figure 6 depicts thermogravimetric analysis (TGA)
thermograms and derivative weight (DTG) curves for
amphiphilic polymers in the environment. Both polymers
had good thermal stability at lower temperatures; however,
poly DMAEMA-HdB began to degrade at approximately
188 °C, whilst poly DMAEMA-OB remained stable up
to nearly 200 °C. Weight loss below these temperatures
is caused by the elimination of adsorbed moisture,
residual solvents, or low-molecular-weight volatiles,
which is followed by the major degradation process at
higher temperatures (Guo et al. 2021; Mousavi et al.
2024; Neelamegan et al. 2020). Table 1 summarizes the
findings for the onset degradation temperature (T first
degradation (T)), second degradation (T,), third degradation
(T,), weight loss, and residual weight at 600 °C.

Poly DMAEMA-OB-5h was found to exhibit
the highest molecular weight among the synthesized
polymers. Despite having the longest side chain moieties,
poly DMAEMA-HdB-5h showed a comparatively lower
molecular weight, which contributed to its reduced thermal
stability. This observation is consistent with the general
principle of polymers in which lower molecular weights
are more susceptible to degradation, as they possess fewer
chain entanglements, thereby requiring less energy to
initiate chain scission. As a result, poly DMAEMA-OB
exhibits a higher char residue with 2.5% residual mass as
compared to poly DMAEMA-HdB (1.5% residual mass)
due to its higher molecular weight and shorter side-chain
moieties, which enhance structural rigidity and promote
char stability. Overall, the thermal stability of polymeric
systems is strongly governed by both molecular weight
and chemical structure (Park et al. 2021).

The onset of thermal degradation (Tewe:) for poly
DMAEMA-HdB-5h was observed at 188 °C, indicating the
initial decomposition of the polymer prior to the first major
degradation event. Poly DMAEMA-HdB-5h presented
three stages of thermal breakdown profile. The first
degradation stage, which occurs at 236 °C, is attributed to the
loss of the ~-OCH2CH2N(CHs)2 group fragments. The second
degradation stage is observed at 317 °C, corresponding
to the elimination of the —OCH2CH2N'(CHs)2(CisHss)
Br group (Kong et al. 2016). Meanwhile, the third
degradation stage appears at 415 °C, within the region
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FIGURE 6. TGA thermograms and DTG curves of amphiphilic polymers

TABLE 1. Data of thermogravimetric analysis for poly DMAEMA-HdB-5h and poly DMAEMA-OB-5h

Onset First Weight Second  Weight Third Weight Residual
Polymer degradation, degradation, loss (%) degradation, loss (%) degradation, loss (%) mass (%)
T ..CO) T, (°C) T, (°C) T, (°C)
DMAEMA-HdB 188 236 49.5 317 23.7 415 24.1 1.5
DMAEMA-OB 204 239 71.0 415 24.7 - - 2.5

of significant polymer weight loss (400-500 °C) caused
by the degradation of the polymer main chain involving
the DMAEMA units (Soykan & Tiifekgi 2025). In contrast,
poly DMAEMA-OB-5h exhibited higher thermal stability,
with the onset of thermal degradation (Tose;) Observed at
approximately 204 °C, which is higher than that of poly
DMAEMA-HdB-5h. The TGA profile showed a two-stage
thermal degradation behavior, with major degradation
events occurring at around 239 °C and 415 °C, respectively.
These shifts to higher degradation temperatures highlight
the greater stability of poly DMAEMA-OB-5h compared
to poly DMAEMA-HdB-5h, which can be attributed to
its higher molecular weight and shorter side-chain moieties
that enhance resistance to thermal scission (Omer et al.
2021).

The dissociation of quaternary amine groups from the
polymer occurred at 230 °C (Dalhatu et al. 2021; Mathew
et al. 2018), that is the smaller part of the polymer

(Abdelaziz et al. 2021; Cazotti et al. 2020). The results of
Tarmizi et al. (2023), who used TGA/FTIR equipment to
segment the O-H and N-H groups, concur with this. The
results of this investigation addressing the thermal behavior
of the backbone of DMAEMA were in great agreement
with the literature describing the breakdown of the final
stage, which was connected to the backbone of DMAEMA
polymers, at temperatures above 400 °C (Bomfim et al.
2009; Okten, Canakci & Orakdogen 2019).

CONCLUSION

Amphiphilic DMAEMA-based polymers were successfully
synthesized and characterized, demonstrating that
alkyl chain length introduced during bromoalkene
quaternization plays a critical role in emphasizing
amphiphilicity and, hence, degradation behavior under
thermal and enzymatic conditions. Poly DMAEMA-
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OB-5h, with shorter alkyl chains but a higher molecular
weight, has a better-balanced amphiphilic structure with
improved hydrophilicity, allowing for greater water
penetration and enzyme accessibility. This resulted in
faster lipase-assisted hydrolysis and higher heat stability
compared to poly DMAEMA-HdB-5h. Meanwhile, the
longer alkyl chains in poly DMAEMA-HdB-5h improved
hydrophobic interactions and chain packing, resulting
in better structural rigidity, lower thermal resistance, and
reduced enzymatic degradability. Enzymatic degradation
was validated by ester bond cleavage within the DMAEMA
backbone, whereas SEM and FTIR investigations showed
surface erosion and chemical alteration during hydrolysis.
Indeed, these findings show a distinct link between
structure, amphiphilicity, and degradation, suggesting
that poly DMAEMA-OB-5h is ideal for applications
requiring more biodegradability and environmental
adaptability. In comparison, poly DMAEMA-HdB-
Sh is superior for applications that require more
controlled degradation and thermal stability, particularly
in functional and biomedical material systems.
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